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Abstract  —  Carbon nanotubes have been used as building blocks 
for assembly of nanostructures and nanodevices. Therefore, the 
interaction between the carbon nanotube and the environment is 
important. Interaction forces which were mainly consisted of van 
der Waals forces between a single multi-walled carbon nanotube 
tip and a gold surface were investigated and measured with an 
atomic force microscope cantilever. We also found that the 
electron beam irradiation can increase the interaction forces. The 
Hamaker constant for the CNT and the gold surface was obtained 
from the theoretical calculation and the experimental results. The 
results of the experiment provide good agreement with theoretical 
calculation. 
Keywords — van der Waals forces, Hamaker constant, carbon 
nanotubes, electron beam irradiation, nanorobotic manipulator 
I. INTRODUCTION 
On nano scale, the van der Waals force is a predominant 
surface forces as well as the electrostatic force, Casimir force 
and so on. The measurement of surface forces in nanoscale can 
help us to characterize the properties of nanomaterials, and also 
is useful for the assembly of nanostructures and nanodevices. 
Carbon nanotubes (CNTs) as typical nanomaterials have been 
used for atomic force microscope (AFM) probe [1], 
nanotweezers [2], nanoposition sensors [3] and three 
dimensional nanostructures [4]. The interaction between carbon 
nanotubes and substrate, such as van der Waals forces, are 
important during the assembly of those mechatronic 
applications. 
The deformation of CNTs placed on the substrate by surface 
van der Waals forces will significantly modify the idealized 
geometry of free nanotubes. This has been investigated by using 
an AFM and molecular-mechanics simulations [5]. Otherwise, 
van der Waals forces join two CNTs from tip to tip, which were 
fixed by chemical bonds [6]. Zettl’s group has calculated the 
attractive van der Waals force between the inner layer and the 
outer layer. They have demonstrated a low-friction nanscale 
linear bearing realized from multi-walled carbon nanotubes 
(MWNTs) [7]. Zheng et al. showed that an extruded core of 
MWNT oscillate on the outer shell caused the excess van der 
Waals interaction energy through theoretical calculations, and 
found the oscillation frequency can be significantly higher than 
one gigahertz [8]. The effects of surface forces in a 
three-terminal nanorelay were investigated by Jonsson et al. 
They showed that van der Waals forces have a significant 
impact on the characteristics of the relay [9]. 
For calculation or analysis the van der Waals forces, a 
parameter of Hamaker constant is needed. In previous 
researches, the Hamaker constant between a CNT and a surface 
were obtain by approximate calculation [6] or their original 
experiments [10]. Nakayama’s group obtained the Hamaker 
constant of 60×10-20 J for a sidewall of the CNT adhered on the 
metallic surface [10]. For a CNT and the gold surface, 
Walkeajärvi et al. just used a typical value of 10×10-20 J for their 
calculation [11]. For two carbon nanotubes, previous reports 
used the value of graphite to replace it [12]. 
In this paper, we reported the measurement of interaction 
forces between a CNT tip and a gold surface with an AFM 
cantilever, and investigated the influences from electron beam 
irradiation as well. The Hamaker constant for the CNT and the 
gold surface was obtained both from theoretical calculation and 
experimental results. 
II. EXPERIMENTS 
For measurement of the interaction forces between the 
carbon nanotube tip and the surface of the substrate, a single 
MWNT was prepared as shown in Fig. 1. The MWNTs 
typically 20~50 nm in diameter were synthesized by the 
standard arc-discharge method. Figure 1 (a) shows an 
individual MWNT was picked up from the CNT bundle by a 
nanorobotic manipulator [13 - 15]. And then, The MWNT was 
fixed on another narrow substrate with the electron-beam- 
induced deposition [16 - 18] as shown in Fig. 1 (b). Deposition 
is caused by the dissociation of molecules adsorbed to a surface 
by high energy electrons. In our experiments, tungsten 
hexacarbonyl used as precursors, were filled into a glass tube 
and introduced into the vicinity of the sample. The narrow 
substrate as shown in Fig. 1(c) was etched with focused ion 
beam and was 350 nm in width. The CNT which prepared for 
force measurement should be clear, straight and not so longer. 
Some methods such as electron-beam induced fabrication 
assisted with oxygen gas [19] or current-induced fabrication 
[20, 21] can be used for separating the CNT from the AFM 
cantilever and length control. Here, the current-induced 
fabrication was used. One end of the CNT was fixed on the 
etched substrate, and anther end was touched to the tip of AFM 
cantilever as show in Fig.1 (d). The part of CNT which near to 
the cantilever tip would be evaporated caused by the joule heat 
as the power was turned on. The CNT length was adjusted by 
using the same process as shown in Figs. 1 (d)-(e) at the first 
time and in Figs. 1(f)-(g) at the second time. The final results are 
depicted in Fig.1 (h). 
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 The main idea of forces measurement can be divided into two 
phases. First, let the cantilever separate from the CNT after 
them adhered together. Then the interaction forces can be 
calculated from the deflection. In our experiment, the narrow 
substrate and the AFM cantilever were connected to the ground 
to avoid the occurrence of electrostatic forces. The SEM was 
keeping at low magnification during the operation to avoid 
contamination. The other type force which caused by chemical 
bond do not need to be considered because the CNT and the 
surface were kept clean. Therefore, the interaction force 
between CNT tip and the surface of cantilever is mainly 
consisted of van der Waals forces. We moved the AFM 
cantilever to the CNT tip by using the nanomanipulator, until a 
surface touch happened (Fig. 2). The AFM cantilever is coated 
in a gold layer with thickness of 40 nm. After the CNT tip was 
adhered to the surface by van der Waals forces, the tip of the 
AFM cantilever stopped and held. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  A multi-walled carbon nanotube was placed on an etched substrate. The 
length of the CNT was adjusted by current-induced fabrication, 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.  The tip of a single CNT was adhered to an AFM cantilever surface. After 
that, the AFM cantilever was pulled back by a nanomanipulator. The interaction 
force between the carbon nanotube tip and the surface can be obtained from the 
deflection of cantilever. 
 
 
Next, we moved back the manipulator step by step. Each step 
of moving was about 2 nm. The tip of the AFM cantilever kept 
still during the moving for the attraction caused by interaction 
forces. When the AFM cantilever was pulled back to a position 
where the attraction is less than the tension caused by the 
deformation of the cantilever, the CNT tip was apart from the 
surface at once. The deflection of the cantilever tip, which is 
nearly 370 nm in our experiment, is the distance between the 
cantilever and the tip of CNT. Hereby, we can calculate the 
interaction forces from the deflection according to dF  . 
Here, d is the deflection, and the elastic constant of the AFM 
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 cantilever   is 0.02 N/m. Therefore, the interaction force 
between the CNT tip and gold surface was calculated as 7.4 nN. 
We also found that the electron beam irradiation can 
influence the interaction forces. The interaction forces were 
measured after irradiated of different time periods. After 
finishing the above experiment, we use a large magnification of 
30,000 times to irradiate the contact area where the CNT was 
adhered at the surface. The irradiation periods were set to 30 s, 
60 s, and 90 s, the interaction forces were obtained as 13.4 nN, 
40 nN, and 80 nN, respectively as shown in Fig.3. The results 
show that the electron beam irradiation can increase the 
interaction forces between the CNT tip and the surface, and the 
increment of interaction force is proportional to the electron 
beam irradiation time. 
The increasing of interaction force induced by electron beam 
irradiation might be produced by the contamination occurs at 
the contact area. In our case, the precursors are come from 
pump oils in vacuum chamber, and the contamination is 
amorphous carbon. We suggest that the electron beam 
irradiation should be used to adjust the interaction forces in nN 
scale during the assembly of CNT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  The relationship between the interaction force and electron beam 
irradiation time. 
 
III. ANALYSIS OF VAN DER WAALS FORCES 
We assume that the interaction between CNT tip and the 
surface is non-retarded and additive. The interaction energy can 
be described by Lennard-Jones’s pair potential as the following 
equation 
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where r is the radius of CNT, C the coefficient in the atom-atom 
pair potential. 1 and 2 are the numbers of atoms per unit 
volume in the two materials, D the distance between the CNT 
tip and the surface. A is the Hamaker constant. 
Then the van der Waals forces are obtained by taking the 
derivative of the pair potential with respect to the distance, 
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For calculate the F, we should know the Hamarker constant 
ACNT-Au between the CNT and the gold surface interacting across 
vacuum. The unknown ACNT-Au can be obtained approximate by 
using the combining relation as the non-retarded Hamaker 
constant for carbon nanotube and gold surface [22], which is 
given by 
 
AuCNTAuCNT AAA  ,      (3) 
 
where AAu  and ACNT  are 5.47h10-19J [23] and 0.284h10-19J 
[6] from previous report, respectively. Thus, the ACNT-Au is 
obtained as 1.246h10-19J from equation (3). 
If the CNT is considered as a column, the van der Waals 
forces between the CNT tip and the gold surface are calculated 
as 173 nN. It is simply assumed that the minimum distance D is 
about 0.3 nm, and the r is used as the radius of the CNT in Fig. 
4. The calculated result is about 23 times larger than the value of 
experimental result. Therefore, this mode which considers the 
CNT as a column can not precisely get the van der Waals forces. 
We suggest that the model of CNT should be considered as a 
multi layered cylinder as shown in Fig.5. The effect area of van 
der Waals forces is less than that calculated with the diameter of 
CNT. The distance between two layers is 0.34 nm that has 
clearly observed by a TEM [24]. The relationship between the 
number of layers and the diameter of CNT can be 
approximately described by  
 
2
34.0 DN  ,        (4) 
 
where N is the number of layers. Then, we obtained that the 
layer of the CNT is about 44 in our experiment. The radius of 
effective area affected by the van der Waals forces is about 
44d= 3.08 nm. Here, d is 0.07 nm, the diameter of carbon 
molecular. Finally, the van der Waals forces were obtained 
theoretically as 7.2 nN from the equation (2). This result is very 
near to the experimental data. It demonstrates that the cylinder 
model is enough for calculation of van der Waals force between 
CNTs and the surface. 
Our method is easy to operate and have a large measurement 
range. It can be used for evaluation of connection strength 
during assembling of nanodevices. 
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Fig. 4  Schematic drawing of a CNT adhered to a surface with a tiny separation 
D. The CNT is 2r in diameter. 
 
 
Fig. 5  Schematic drawing of a CNT described by a cylinder model. The distance 
between layers of CNT is 0.34 nm. 
 
 
IV. CONCLUSION 
A single MWNT was certainly prepared with the nanorobotic 
manipulation, electron-beam-induced deposition and current- 
induced fabrication. The interaction forces between the MWNT 
tip and the gold surface were investigated and measured with an 
AFM cantilever, which were mainly consisted of van der Waals 
forces. We also found that the electron beam irradiation can 
increase the interaction forces. The increasing of interaction 
force induced by electron beam irradiation might be produced 
by the contamination. We suggest that the electron beam 
irradiation should be used to adjust the interaction forces in nN 
scale during the assembly of CNT. 
For calculating the van der Waals forces, the CNT was 
described by a cylinder model. The Hamaker constant for the 
CNT and the gold surface was obtained from the theoretical 
calculation and the experimental results. The results of the 
experiment give good agreement with that by theoretical 
calculation. The forces measurement might provide enough 
precision to obtain an unknown Hamaker constant between two 
materials. 
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